Abstract Groundwater recharge is becoming common in areas where the withdrawal of groundwater exceeds its natural recharge. Wastewater treatment plant (WWTP) effluent can be used for this purpose, but persistent organic compounds can only be partly removed during soil passage. This point was confirmed in degradation tests using soil columns in which the DOC of a membrane bioreactor (MBR) permeate could only be reduced by 15% and adsorbable organic iodine (AOI) by 2%. However, ozonation was found to improve biodegradation and at the maximum formation of biodegradable DOC at 2.5 mg O 3 /mg DOC 0 , the DOC values of MBR permeate (11-13 mg/L) could be reduced in aerobic degradation batch tests to the DOC of Berlin drinking water (3-5 mg/L). A combination of ozonation at 1.9 g O 3 /g DOC 0 with soil passage could adjust DOC, UVA 254 , colour (436 nm) and the molecular DOC size distribution to drinking water ranges, but AOI was only reduced from 143 µg/L to 92 µg/L and remained high compared to tap water (2.2 µg/L). The extremely persistent X-ray contrast compound iopromide, which represents part of AOI, was spiked into MBR permeate at a low concentration. Iopromide was reduced by 88% during ozonation, but AOI only decreased by 23% indicating that a transformation, but not a mineralization, of iodinated organic compounds occurs.
Introduction
In different areas worldwide, wastewater treatment plant (WWTP) effluent is used for irrigation purposes as well as for groundwater recharge by percolation or injection. When this water is recovered in wells, persistent organic compounds can survive and accumulate within this water cycle. As a small portion of WWTP effluent is infiltrating into the riverbanks and is extracted in drinking water wells, the city of Berlin is facing a somehow similar situation. Several authors reported the distribution of extremely persistent organic compounds such as pharmaceuticals (Heberer et al., 2002) , aromatic musk fragrances (Fromme et al., 2001) , and X-ray contrast compounds (Putschew et al., 2000) in different bodies of water in Berlin.
Consequently, an advanced treatment system needs to be established for the effluent of municipal WWTP before groundwater recharge to ensure DOC concentrations in the range of the background groundwater and to remove persistent compounds. Treatment by sorption on activated carbon, flocculation, or nanofiltration generates residuals that must be further treated and disposed of. A new approach is an ozonation step, transforming persistent organic compounds in WWTP effluent into biodegradable by-products that can be degraded in a subsequent soil passage. Thus, no residuals occur, and the degradation of organics within the soil passage can be enhanced. However, constraints remain about whether this treatment combination can achieve the targeted DOC concentration and whether it is able to remove persistent compounds sufficiently.
We have treated the permeate of a membrane bioreactor (MBR) pilot plant at WWTP Ruhleben, Berlin, Germany with ozone in order to determine, if it is possible to achieve DOC background levels and the properties of Berlin drinking water. Ozonated and non-ozonated MBR permeate was taken as raw water, treated in soil columns, and the effluents were compared. Therefore, changes of dissolved organic carbon (DOC), UVA 254 , colour, absorbable organic iodine (AOI), LC-OCD chromatograms, and sorption behaviour were investigated. Moreover, the MBR permeate was spiked with the extremely persistent iodinated X-ray contrast compound, iopromide, at a low concentration and ozonation was performed.
Methods
Ozonation. A semi-batch laboratory ozonation plant has been used. Ozone was generated with a Sander ozone generator and the gas was dispersed in a stirred batch reactor of 5 L volume. The ozone was measured in the in-gas and off-gas by UV-analyzers (BMT/Berlin) and in the liquid phase by an Orbisphere ozone probe. The data were processed by software. All experiments were done at a constant temperature of 20°C.
Soil columns. For the investigations, two saturated column systems filled with washed medium grain size sand (0.5-1.2 mm) were set up. The first (second) system consists of 4 (5) columns operated in series with a diameter of 0.14 (0.08) m and a filled sand level of 0.9 (1.7) m. A flow rate of 3.0 (0.7) L/d results in a retention time of 7 (14) days. The first system was run with MBR permeate, which was renewed every three weeks. The second system was run with ozonated MBR permeate, prepared every three weeks in batch tests and put into a cooled tank (5°C) to avoid degradation during storage. Column temperature was kept stable at 20 ± 1°C. Prior to the sampling, the systems were allowed to reach a stable state.
Adsorption isotherms. Adsorption isotherms were carried out with powdered activated carbon (PAC) from Norit (Norit SA Super). Contact time was 24 hours at pH 7.5 and 20°C.
Determination of BDOC. Biodegradable dissolved organic carbon (BDOC) degradation tests were performed with a modified batch test according to ISO 7827 (1984) using smaller amounts of nutrients and salts. Return-sludge from the conventional WWTP Ruhleben, Berlin was used as inoculum.
Analysis of UVA 254 , colour, DOC, AOI. UV absorbance at 254 nm and yellow colour at 436 nm were measured with a Perkin Elmer, Lambda 12 spectrophotometer. DOC concentrations were obtained with a high TOC Elementar Analysensysteme, Hanau, Germany. AOI was determined after sorption onto activated carbon and combustion. The combustion gases were trapped in ultrapure water and were analyzed for iodide by ion chromatography (Olesky-Frenzel et al., 2000) .
Analysis of iopromide.
This was performed using solid phase extraction and analysis by HPLC as described in Putschew et al. (2000) .
Analysis of molecular size distribution. Liquid (size exclusion) chromatography (TSK-50S column) was employed with on-line organic carbon detection (LC-OCD) (DOC Labor, Karlsruhe, Germany). According to Figure 1 , a chromatogram can be divided into different fractions: polysaccharides (P), humics (H), humic hydrolysates (HH), low molecular acids (A), and low molecular neutrals (LM) (Huber, 1998) .
Results and discussion

Treatment of MBR permeate in soil columns
In order to investigate the degradation of organic compounds during soil passage, MBR permeate was treated in saturated soil columns. The average values of DOC, UVA 254 and colour are shown in Table 1 for 12 samples taken between July 2002 and January 2003. DOC and UVA 254 could only be reduced by 16% and 15%, respectively. The yellow colour which is caused by humic substances was decreased by almost 28%. The high AOI concentration in Berlin originates from persistent iodinated compounds used in hospitals as X-ray contrast compounds (Putschew et al., 2000) . Table 1 shows the results of January 2003, reflecting a typical low removal of AOI under aerobic conditions. LC-OCD analysis showing the molecular size distribution was performed with the influent and effluent (Figure 2 ) of the soil columns. The MBR permeate shows a distribution with a high percentage of humics and humic hydrolysates (~80%). The polysaccharide fraction does not appear in MBR permeate due to rejection by the membrane. As Figure 2 shows, degradation of organic compounds during soil passage takes place in all DOC fractions.
Drewes and Jekel (1998) reported a DOC removal of 35% in a similar column system using the effluent of the conventional WWTP Ruhleben with a mean DOC concentration of 15.1 mg/L. The MBR permeate DOC of 11.8 mg/L was degraded by 15.9%. This indicates that the degradation within this MBR system is better than in the conventional WWTP. Nevertheless, the amount of persistent DOC after treatment in soil columns is comparable (9.8 mg/L for the conv. WWTP versus 9.9 mg/L for the MBR). These results show that a certain amount of DOC in WWTP effluent has a very persistent character. Consequently, these compounds must be removed or their degradation has to be enhanced, whenever water cycles are established.
Ozonation -enhancement of biodegradability
A combination of ozonation and subsequent biodegradation in aerobic batch tests can demonstrate how much ozone is necessary to transfer a maximum amount of persistent into degradable DOC with a low input of ozone. Here, this maximum occurred at around a z P H HH A LM Figure 1 Fractions of an LC-OCD chromatogram (ozone consumption to initial DOC ratio) of 2.5 mg O 3 /mg DOC 0 . The DOC was reduced from 11.5 mg/L to 3.9 mg/L, approaching background values of Berlin drinking water (3-5 mg/L). Higher dosages could further decrease the DOC, but the amount of biodegradable DOC also decreased, as it was exposed to further oxidation and mineralization. Figure 3 shows the changes in molecular size distribution during ozonation and subsequent aerobic biodegradation (21 d). It is apparent that during ozonation the total area of the chromatogram did not significantly decrease, but high molecular weight compounds were oxidized and small molecular weight by-products were created. In this case, the humic substances' peak decreased and humic hydrolysates as well as low MW acids increased, while low molecular neutrals were reduced. After aerobic biological treatment, the total area of the chromatogram decreased by 51.8%. Humics and emerged peaks all showed degradation. The general size distribution of MBR permeate and treated MBR permeate is almost identical. The major difference is the lower amount of DOC in the treated MBR permeate (DOC = 6.2 mg/L), but still not reaching the values of the Berlin drinking water (3-5 mg/L). Better DOC reduction can be achieved with a higher dosage of ozone. More efficient and cost-effective is the use of a soil passage that can act as a biological filter with an adapted biomass. Longer retention times and aerobic, anoxic, and anaerobic redox conditions will lead to a higher degradation performance.
Ozonation -transformation of persistent compounds
The ozonation must not only be adjusted to a maximisation of biodegradable DOC, but also to a minimisation of extremely persistent compounds and active agents. Huber investigated the decay of 8 pharmaceuticals during ozone and OH radical attack (Huber et al., 2003) . The X-ray contrast compound iopromide was, by far, the most difficult to oxidize (k 03 <0.8 M -1 s -1 , k OH ~3.3*10 9 M -1 s -1 ; 20°C/25°C, pH 7) due to its polar triiodinated aromatic ring system. Hence, we spiked MBR permeate with a low concentration of iopromide and carried out ozonation experiments. Figure 4 shows that, in spite of its persistence, iopromide could be transformed effectively and after ozonation with z = 2.2 mg/mg, its concentration decreased by 88%, even though the background concentration of DOC in the MBR permeate was high. However, DOC and AOI declined by only 12% and 23%, respectively, indicating that iopromide was transformed rather than mineralized. The AOI decline can only partly be explained by a mineralization of iodinated organic compounds. During ozonation, organic compounds become more polar and therefore their affinity to activated carbon decreases, and lower amounts of iodinated organics can be recovered by the activated carbon during AOI analysis. Nevertheless, this experiment proves the high ability of the ozonation process to transform even very persistent organic substances within the background DOC of WWTP effluent. Most of the persistent active agents will be transformed and may no longer exhibit their former effects. Higher ozone dosages and the addition of H 2 O 2 to generate more OH radicals can improve this transformation. However, partial oxidation products occur and their potential toxicity should be investigated.
Combination of ozonation and biological treatment in soil columns Table 2 depicts the efficiency of the combination of ozone and subsequent biodegradation in soil columns. An ozone dosage of 1.9 mg/mg was enough to achieve a reduction in the soil column effluent DOC by 61%, UVA 254 and colour by 75% and 74%, respectively, and to reach the background concentrations of Berlin drinking water. Moreover, as seen in Figure 5 , the molecular size distribution after this treatment was extremely similar to Berlin drinking water. Only the low molecular weight range of drinking water showed slightly higher values. Concentration of AOI could be decreased by 35% in this process. Due to the high absolute values of AOI (143 µg/L), the range of tap water (2 µg/L) could not be reached. The soil column exhibited an aerobic character with redox conditions decreasing from E H = +710 mV to E H = +340 mV after 14.3 days of retention. Anaerobic degradation conditions and the combination of ozone with H 2 O 2 to generate more OH-radicals would probably reduce AOI more efficiently. Another property change is shown in Figure 6 . The sorption potential of the MBR permeate components after oxidation and soil passage was lower than that of drinking water or the original MBR permeate after soil passage (diluted for a better comparison). This proves the more polar behaviour of the organic matrix after ozonation and soil passage.
Conclusions
WWTP effluent can be used for groundwater recharge if the DOC concentration is decreased to the level of groundwater and persistent organic compounds are removed. The conclusions of our trials are as follows:
• DOC, UVA 254 , colour 436 , and molecular size distribution can be changed to become similar to drinking water characteristics at ozone dosages of z =~2 mg O 3 /mg DOC 0 . However, drinking water still has a lower content of AOI and a better sorption potential on activated carbon.
• Persistent organic compounds can be removed under the background DOC of WWTP effluent, but they are transformed and not mineralized. This was shown for the triiodinated X-ray contrast compound iopromide, which was removed by 88% while AOI decreased by 23%.
• Given total costs for the production of ozone in modern plants of 2 €/kg ozone, a treatment of MBR permeate (DOC ~ 12 mg/L) with a specific ozone dosage of 2 mg O 3 /mg DOC 0 results in a treatment cost of about 0.05 €/m 3 . Thus, even higher dosages are economically feasible and competitive if the water is provided for groundwater recharge with a subsequent reuse.
